Introduction
In the design of tightly intermeshing co-rotating twin screw extruders, which will simply be referred to as co-rotating twin screws in what follows, the screw design is drawn up as a function of the requirements imposed by the compounding functions and the compounding properties of the material. In practice, design is almost always performed on an empirical basis, and past developments have not culminated in so-called all-round screws, which would be equally suitable for compounding a wide range of thermoplastic materials. This is why all the machine builders include a number of different screw configurations in their ranges, which are tailored to different needs.
Taking the idea put forward by J. Prause in [1] , it is possible to divide the available configurations into four basic categories. The compression that the material is subjected to in the machine plays an essential role in drawing this distinction. Since, with co-rotating twin screws, the mean channel depth is laid down by the distance between the axes and the outside diameter of the screw, the material being compounded is compressed through a reduction in the pitch and/or through backwards-conveying elements (such as screw elements or kneading blocks) or even through axial and radial flow restrictors. The four basic categories, which can be combined at random in machines with modular-type screws and barrels, will be briefly set out below [1] :
Low-work screws
These screws exert no compression, or only a very low level of compression. They are used preferentially for heat-sensitive materials which require gentle compounding.
Standard screws
Standard screws are designed with a standard compression ratio and are used both for melting and compounding tasks. The screw design of so-called standard screws varies from one machine builder to the next.
High-shear screws
These screws incorporate elements which generate high shear rates in order to improve dispersion behaviour. In the case of co-rotating twin screws, this is achieved through the application of backwards-conveying elements and/or kneading blocks. Kneading blocks create high shear rates, particularly with partial filling. In principle, the mean residence time is reduced with partial filling, which comes about with an increase in the speed for a constant material throughput. The lower residence time, in turn, represents a disadvantage when it comes to the shear deformation that is caused, this being the product of shear rate and residence time. Backwards-conveying elements affect the back-pressure length respectively the residence time in the up-channel direction so that the shear deformation increases.
Vented screws
Vented screws are used to degas the polymer melt when residual monomers or other ancillary products of the reaction have to be removed from the flow of melt. The screw categories set out above only represent a breakdown according to the principle involved. In practice, there is a wide range of screw configurations supplied by the machine builders. Virtually all manufacturers have a three-flighted machine series with relatively low flight depths and another series with medium and large flight depths [2, 3] . No single-flighted series or series with four or more flights is known in practice [2, 3] . There are, however, combinations of single-flighted elements in the feed zone with two-or three-flighted elements in the plasticization and processing zone. The problem that the machine builders face here is that they have to guarantee to their customers, in advance, that the type of compounding that these customers require will succeed using the screw geometry that they design.
Since a large number of machine builders generally employ modular-type designs for the screw and barrel, in order to permit greater flexibility, the machine can be modified in so many different ways that there are an infinite number of possible variations for the screw configuration.
If an attempt is now made to obtain an overview of the capacity of individual screw configurations or, going into greater detail, of individual screw elements, then empirical statements do not provide sufficient assistance. In order to be able to analyse the influence of the screw geometry, the material and the process parameter, it is necessary to employ quantitative methods as well, which make statements about the compounding or extrusion process.
The geometry of co-rotating twin screw extruders

Screw geometry elements
A screw configuration is essentially made up of conveying elements (positive helix angle) and backwards-conveying elements (negative helix angle). Different conveying conditions thus exist as a function of the size of the pitches, which, in theory, can assume any value between plus and minus infinity. The individual conveying elements can be standard screw elements (Fig. 1, top) or kneading blocks (Fig. 1, bottom) . Kneading blocks are combinations of any desired number of kneading disks of different widths and offset angles. Figure 1 bottom shows two-flighted kneading blocks with five kneading discs of a constant width, staggered at plus 45°, 90° and minus 45°. The kneading disc width and the angle of stagger will generally be constant within a kneading block. Kneading blocks can be arranged with other screw elements in any desired combination. A knead-
Fig. 1. Screw configuration elements
ing disc is a screw element with an infinitely high pitch. In principle, a helix angle of ϕ s can be defined for a kneading block, by analogy to the observation of a standard screw element.
Theoretical self-wiping profile
Tightly intermeshing co-rotating twin screw extruders are extruders with two parallel-axis screws of identical geometry, which rotate in the same direction and with the same angular velocity. As a rule, both screws possess the same outside diameter over the entire length of the screw and each point on the surface of one screw is scraped by the other screw. This applies for screw elements and kneading blocks. The axial profile obtained from this motion principle is shown in Fig. 2 . The profile will be identical for screw elements and kneading discs when observing a single machine size and the same number of flights.
The channel depth h is a function of the angular coordinate Θ
and describes the theoretical self-wiping profile in polar coordinates. It was formulated by M. L. Booy [4] and, within the validity range 0 ≤ Θ ≤ Ω, can be replaced in an excellent approximation (Taylor) by a parabola of the fourth order for the machine series a/D S ≤ √2/2 encountered in practice:
and
When the screw channel and the barrel are laid out flat (Fig. 3) , it is possible to describe the screw channel geome- 
Some essential equations for establishing the theoretical self-wiping profile are listed in Table 1 . By taking this profile as a basis, it is possible to calculate its free axial cross-sectional area in a simple manner, because the limiting arcs of the profile are circular arcs in each case. shows the cross-sectional area of a two-flighted screw profile. The partial surfaces A 1 -A 4 and hence also the free cross-sectional areas can be readily calculated. Table 2 contains the necessary equations. Fig. 5 shows the crosssection of a 1-, 2-and 3-flighted twin screw for an outside screw diameter of D S = 40 mm and a distance between the axes of a = 37.5 mm. The maximum channel depth is h max = 2.5 mm in all three cases and is thus constant. Although the mean channel depth (see Table 1 ) is reduced with an increasing number of flights, the free cross-sectional area (see Table 2 ) becomes greater.
Practical self-wiping profile
In order to guarantee practical relevance, however, it is necessary to proceed from the self-wiping profile in practice, i.e. the true contour of the screw elements for all the calculations. This contour, which is shown for screw elements in Fig. 6 , is referred to as a practical self-wiping [6] profile in what follows and contains all the gaps required in process engineering terms, such as flight gap S F , radial gap S R and the flight land gap S w .
Conveying model for co-rotating twin screws
One of the chief features of co-rotating twin screws is that, contrary to single-screw extruders, they are not generally operated from a full hopper but via a metering unit. This means that it is possible for the individual screw elements to be partially filled if the screw elements can convey more material than is supplied to them via the metering unit. The filling level of individual screw elements is quantified through the introduction of the degree of filling (6) is based on a perpendicular material/gas phase boundary (compare with [5] ). The mean effective channel depth and width is defined as follows in accordance with Fig. 7 :
In order to correctly calculate the overall conveying system of a co-rotating twin screw, it is necessary to have physicomathematical models that make allowance for the three mechanisms of -feeding and conveying of solid material, -melting, -conveying of melt, whilst simultaneously taking the filling level into account. The groove model forms the basis of all the models. In the groove model, the screws are pictured as being fixed and the screw barrel surface as rotating around the screws (kinematic reversal). The screw channels and the screw barrel surface are taken as being laid out flat and projected in a single plane. For co-rotating twin screws, this gives a physical substitute model as shown in Fig. 8a and b with k parallel channels over which a plate moves with a velocity of v 0 , the rotational velocity of the screw barrel.
The number of parallel channels is calculated using [4] :
The intermeshing zone is included in the conveying model in the form of a narrowing of the channel. This is done on the basis of the principle that, viewed in physical terms, when the screw is only partially full, material can only be conveyed through the intermeshing zone if a feed flow develops in the intermeshing zone which is equivalent to the drag flow in the free channel sections upstream [6] . The concept "free channel section" is taken to mean the channel section that is located outside the intermeshing zone. On the basis of the above statement, the application of kinematic reversal by contrast to numerical methods makes no difference if mean values are used for all physical values. Naturally, it is not possible to describe the processes in differentially small regions in the intermeshing zone, since this, after all, can only be achieved with a three-dimensional conveying model. Further the influence of the circulation of the flow near by the thread is neglected.
To ensure that the conveying model comes as close as possible to reality, particularly when the kneading blocks are observed, allowance is made especially for the leakage flows via the radial gaps. When the kneading blocks are observed, this includes the leakage flows that pass the gaps (Figs. 8b, 9), which are brought about through the angle of stagger of the discs. The equations listed in Table 3 are obtained. 
Throughput equations
In the case of the observation of two-dimensional flow, the correlation shown in Fig. 10 applies between the dimensionless volume flow and the dimensionless pressure difference for an equivalent rectangular channel (Eqs. 7 and 8, where: f = 1). If this correlation is described by the equations listed in Tables 4, 5 b) Backwards-conveying elements: v 0.2 n 1 for 0 1. ≤ ≤ < π ≤ (13) The following procedure is employed in order to make allowance for the leakage flows via the radial gap:
Finitely small sections of a pair of screw elements are observed (i > 1). The pressure at a random point (Fig. 11) can be calculated from the pressure gradient in the direction of the channel. Point 1 is located above the centre of the screw thread at point z 1 . Parameter p 1 is the pressure at point 1, and ∆p/∆z the pressure gradient in the channel direction in the environment of 1. Pressure p 1 works out at:
Point 2 is located in the centre of the same screw thread at point z 2 . Pressure p 2 is as follows at this point:
The pressure difference between points 2 and 1 is then:
respectively,
axial unwounded
Length of channel outside the intermeshing zone 
This pressure difference, in conjunction with the drag flow acting in the x direction, causes the leakage flow from one channel to the neighbouring channel. From the melt flow balance (see the dotted triangle with corner points ABC in Fig. 8 ), it follows that
The negative leading sign is valid for conveying screws and the positive leading sign for backwards-conveying screws. Here, V is the volume flow which is imposed on the system through the metering unit. This volume flow passes each perpendicular line of the groove model (vertical dotted line, AC, in Fig. 8 , of length (2 ⋅ π -Ω) ⋅ D s )). The length b thread , which is decisive for the leakage flow in the x direction, is described by the adjacent side AB to the helix angle ϕ s .
In cases in which the principal flow in the z direction is not essentially influenced by the leakage flow in the x direction, similar throughput equations can be written for these two flows, like those in the groove without leakage flows. The equations for the leakage flow model in Table 7 are obtained with the dimensionless parameters in Table 8 .
Degree of filling
A pure drag flow in the direction of the screw, channel is assumed to exist for the conveying mechanism: Table 5 Channel outside intermeshing zone Eq. 20 makes allowance with factor φ 1 for the fact that the circulation flow leads to a lower conveying capacity in the element than when a purely drag flow is observed. In the case of a purely unidimensional flow, φ 1 = 1 applies. The actual melt distribution may deviate from the idealised distribution in Fig. 7 . That is one reason why only integral mean values can be assessed in all the calculations that are linked with the degree of filling calculation. The variation of the degree of filling has a decisive influence on the operating behaviour of the extruder, e.g. on the residence time behaviour and on the shear load acting on the material (key word: temperature). The contour of the screw flight means that, as the degree of filling falls, the mean effective channel depth to be taken into the calculation also becomes smaller (Fig. 7) . A higher mean shear rate thus results from a lower degree of filling [5] . Fig. 12 shows the correlation between the degree of filling and the mean shear rate for different geometries when observing an isothermal, non-Newtonian melt flow. The calculation was performed with and without observation of the leakage flows via the radial gap. There is a pronounced correlation between the mean shear rate and the degree of filling when low degrees of filling are observed (f < 0.5).
Mass in the screw channel
The mass in the screw channel is a function of the local degrees of filling over the length of the screw configuration. A screw element pair of constant geometry is observed. A distinction is drawn between three ranges here:
Feed or solid conveying zone
Melting zone:
Melt zone:
Finally, the mass in the screw channel is obtained through the addition of the values for all screw elements:
Melting profile
It is only possible to arrive at a sufficiently global assessment of the extrusion process if the melting profile is known. The influence of the kneading blocks and/or the backwards-conveying elements on the melting process needs to be described. Operating the extruder with a metering unit makes it more difficult to record the melting profile and, in particular, to determine the start of melting. According to J. L. White [7] , too, there are no known models to date for describing the melting profile in co-rotating twin screws. One reason for this is the complexity of kneading blocks.
A melting model is presented in what follows which is suitable for quantifying melting in conveying and backwards-conveying elements and/or kneading blocks. The groove models shown in Fig. 8 are taken as a basis in all cases. In the observation of kneading blocks, however, no allowance is made for the fact that the existing layers of melt and solids are rearranged by the staggered kneading discs and by the radial gap leakage flows. The radial gap leakage flows themselves, however, are not neglected. As in the conveying model, a corrected radial gap width is employed for the calculation. In this way, the radial gap leakage flows are included in the descriptive differential equation (Eq. 25) for the solid bed profile.
In order to calculate the melting length and the solid bed profile, a modified Tadmor model is employed, which makes allowance for the location-dependent melt film thickness. Other pushed melting models [8, 9] will not be considered in this paper. The Tadmor model can be used in the observation of tightly intermeshing screws. If non-tightly intermeshing screws are observed [10] , then rearrangement takes place in the intermeshing zone on account of the considerably greater flight gap.
The differential equation that describes the changing solid bed profile in the screw channel direction
can no longer be solved. Because of this, numerical methods have been used to calculate the length of the solid material bed to date. An analysis of Eq. 25 shows that, on a double logarithmic plot [11] , straight lines are obtained by way of a good approximation (Fig. 13 ). These can be described by the simple function [11] :
where
and where δ 0 is the initial melt film thickness at the barrel wall for X b, = and the ratio of the solid material with x to the screw channel width b is the standardised solid bed with y. The standardised melt film thickness is formed from the quotient of the melt film thickness δ to the starting melt film thickness δ 0 . Eq. 25 can be solved with this function. The equations set out in Table 9 are obtained as the solution.
For purposes of simplification, the start of melting (= the point of meltpool formation (PMF)) can be equated with the first point of (complete) filling if, as with co-rotating twin screws, there is a long, partially filled feed zone. Table 9 . Solutions for the melting model [11] 
considering the leakage flow through: a) area caused by the offset angle of kneading discs in addition to once in spite of radial gap; b) radial gap of common (backwards-) conveying elements
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Material temperature
The material temperature calculation is performed on the basis of the groove model. The following assumptions are made for the temperature calculation: -the screw channel is observed in the form of a flat channel, i.e. b h . The influence of the thread can be neglected in this way, -the melt adheres to the wall, -the flow is laminar and sluggish and incompressible (c = c v = c p ), 
Introducing the dimensionless parameters summarised in Table 10 , we obtain Tz Gz Br e . The differential equation was solved in [12] . The following assumptions were made to this end: a) For the region ξ > 0 the mean starting temperature start ( 0) Θ ξ = = Θ applies. b) The heat produced is introduced into the calculation as a mean value per coordinate unit ∆ζ and volume unit for ζ > 0. c) The barrel wall temperature T Z is constant. The temperature is approaching a limit value with increasing distance perpendicular to the barrel wall (semi-infinite space).
The set of solutions in Table 11 is obtained with the assumptions listed above [12] . Each heating zone is allocated a constant wall temperature. The temperature calculation starts at the point in the screw channel at which molten plastic is first present. This is at the first point of meltpool formation (PFM).
The starting temperature start Θ is worked out from the energy equation for the melt film at the barrel wall at this point. The energy equation for the melt film at the barrel wall [11] runs: 
Under the boundary conditions T(0) = T FL ; T( δ ) = T Z (compare to figure in Table 9 ), the following solution is obtained:
It is then possible to calculate a mean temperature for the melt film:
with allowance for the velocity profile:
and the relative velocity:
The equations listed in Table 12 are obtained by way of the solution. The mean temperature for the melt film is additionally the starting temperature for the temperature profile calculation. Assuming Br = 0, the starting temperature can be established with the simplified solution [11] : In this way, all the equations for calculating the temperature along the screw configuration are known.
Software package
On account of the complexity of the calculation equations, these were brought together into a software package to make for easier handling. This "DSE" software package, which is currently available as a prototype (only internal use), makes it possible for the entire process to be simulated from the angles mentioned: solid material conveyance, melting and melt conveyance. The calculation is performed on an element-by-element basis from the die to the hopper. A linear temperature profile from the melt temperature (die) to the solid material temperature (hopper) is assumed. In order to make allowance for the true temperature profile, it is necessary to adopt an iterative approach. The degree of convergence is high, the calculation results are obtained after only four steps.
The calculation results for a process divide up into values along the screw configuration: -filling degree profile, -pressure profile, -temperature profile, -melting profile, -mean wall shear stress profile, -mean shear stress profile, -power requirements, and the following scalar results: -mean degree of filling, -mass in screw channels, -mean and shortest residence time, -residence time distribution, -variance of residence time distribution, -self-cleaning coefficient, -axial mixing coefficient. Calculating a complete process calls for a calculation time of approximately 1 minute on a personal computer, if the necessary data are available.
Experimental investigations
The experimental investigations were conducted with a fast-running, tightly intermeshing co-rotating twin screw extruder of type ZSK 30. Results from tests with higher screwdiameters were also available. The test set-up used in this paper is shown in Fig. 14 . The material data used is to be found in [6, 13] . The examples selected are representative of a population of more than 300 operating points.
Pressure and degree of filling
The pressure and degree of filling curve is presented in Fig.  15 . The calculations were performed with the actual values, i.e. with the measured values for the throughput and for three screw speeds. The melt temperature curve was calculated (Fig. 19) . In addition, the pressure was always expressed in terms of the start or end of the screw element and the degree of filling in terms of the centre of the screw element. The calculated values for the integral mean degree of filling and the screw channel mass have been entered in the legend. The designation PMF marks the point at which the meltpool first forms.
The agreement between the calculated and measured pressures in the metering zone is good. The experimental pressures at the discharge of the machine are nearly constant and result from the melt temperature, the throughput and the die geometry. Fig. 16 shows calculated melt pressures by comparison to experimental values at different points along the screws. The deviations are less than ±10% on average. 17 shows the comparison of calculated and measured mass in the screw channels. The level of agreement is good, only when there are small masses in the screw channels is a systematic deviation seen, which is caused mainly by the three numbered elements 8, 9 and 10.
Melting profile
The melting profile experiments and calculations show that the melting lengths in the considered co-rotating twin screws (ZSK 30) are short on account of what, in relation to single-screw extruders, is a relatively small specific throughput 0 m/n . The fact that, in the partially filled range, Fig. 10 ) for which the equations listed in Table 5 are somewhat outside of the valid range the calculated solid material bed width is expressed in terms of the effective mean channel width, means that the dimensionless solid bed width first of all increases there (Fig. 18) . In practice, it is seen that the melting in partially filled regions is considerably poorer than that in (completely) full areas. This can be due to the fact that there is no longer any pronounced flow in partially filled areas. In these cases, excessively short melting lengths are calculated with the melting model described. Table 5 are somewhat outside of the valid range influenced through heat conduction effects. This is the case in the partially filled region and the die region. Fig. 20 shows the correlation between the calculated and the experimentally determined melt temperatures at the screw tips. The correlation is satisfactory if it is considered that, with the small size of extruder used, the temperature measurement is influenced to a large degree by heat conduction effects.
Conclusion
The aim was to establish a quantitative method which could be used to show the influence of the screw geometry and material and process parameters on the compounding process in tightly intermeshing, co-rotating twin screw extruders. A complex, systematic design procedure was compiled to this end, which is explained in part in this paper. The systematic design procedure includes a melting model as one of its basic models, which can be used both for standard screw elements and for kneading blocks.
The comparison of experimental and theoretical results shows that, in the practical range of process-relevant parameters, there is a good level of agreement. This applies for processes that can be designated "melt-dominated".
Through the implementation of the algorithms in a software package, which is available as a prototype, it is now possible to quantitatively assess processes on a rapid and simple basis. Using a software package of this type, the machine manufacturer can analyse different screw configurations and process conditions as to their suitability for the compounding of polymers. This means that an instrument is available for supplementing what has generally been the empirical design of screw configurations to date with a quantitative method.
Future developments are to lead on to a commercial software package for analysing and simulating the processes that take place in co-rotating twin screws so as to help the machine manufacturer and/or user out of the dilemma of a purely empirical approach to screw design. 
